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Adaptation of Madin-Darby canine kidney cells to hypertonic
medium: An electron microprobe analysis. Madin-Darby canine
kidney (MDCK) cells of confluent epithelial sheets grown on
permeable supports respond to hyperosmotic stress by short- and
long-term regulatory volume increase (RVI). Although short-
term RVI includes the uptake of inorganic electrolytes, long-term
RVI does not and seems therefore to result from accumulation of
organic osmolytes.
The Madin-Darby canine kidney (MDCK) cell line,
originally derived from renal collecting ducts, has often
been used as a model for investigating cellular volume
regulatory processes. Element concentrations and their
changes induced by hypertonic stress, which reflect the
volume status of the cells and provide insight into the
volume regulatory mechanisms, have been determined in
both large, fused MDCK cells [1] and in nonconfluent
MDCK epithelia grown on impermeable supports [2].
Other investigations also lead to the conclusion that
MDCK cells respond to hypertonic stress by a short-term
regulatory volume increase (RVI) mediated by the cellular
uptake of inorganic electrolytes [1] and a longer term RVI
characterized by cellular accumulation of organic os-
molytes [2]. To establish whether MDCK cells grown on
permeable supports to confluency and expressing a high
degree of differentiation have similar properties, the cellu-
lar element concentrations and dry weights immediately
after the exposure of the epithelia to hypertonic stress, or
after the cells had been cultured for some passages in an
hyperosmotic culture medium, were determined by elec-
tron microprobe analysis.
METHODS
MDCK cells either cultured in isotonic CO2/HCO3-
buffered Dulbecco’s modified Eagle’s medium (DMEM;
325 mOsm/liter) or for five passages in NaCl-supplemented
DMEM (450 mOsm/liter) were grown under the same
incubation conditions to confluency on collagen-coated
permeable filter membranes (Millicell PICM 01250; long-
term hypertonic stress). For short-term hypertonic stress,
epithelia cultured in the isotonic medium were first incu-
bated in control Ringer (293 mOsm/liter) [1] and then in
NaCl-supplemented Ringer (500 mOsm/liter) for 0.5, 10, or
30 minutes. At the end of the experiments, freeze-dried
cryosections were prepared, and cellular element concen-
trations were measured using electron microbeam analysis
[3].
RESULTS AND DISCUSSION
Figure 1A shows cellular element concentrations
(mmol/kg wet weight) and dry weights (g/100 g wet weight)
under control conditions (time 0) and after acute increase
of medium osmolarity from 293 to 500 mOsm/liter. Control
data are similar to those in other epithelia. Although the
increase in most of the element concentrations (Mg, Na, P,
and Cl) and the dry weight content observed 30 seconds
after exposure to osmotic stress are somewhat less than
expected if the total cell volume or the watery cellular space
(75%) was assumed to behave as an ideal osmometer, [Cl]
increased overproportionately. That RVI is initiated al-
ready within the first 30 seconds of hyperosmotic stress by
the cellular uptake of electrolytes is suggested by the
pronounced increase in [Cl] and is further documented in
Figure 1B, which shows that the cellular element contents
referred to dry weight. The increase in the K (72.7), Cl
(69.2), and Na (11.0) contents after 30-second hyperos-
motic stress indicates cellular uptake of these electrolytes.
The fact that mainly K and Cl are accumulated in the cells
might be explained by the transporters thought to be
involved in the accumulation of cellular electrolytes.
Shrinkage of MDCK cells by hypertonic stress is thought to
lead to a cellular Na and Cl uptake via the combined
activation of Na/H and Cl/HCO3 exchangers, whereby Cl
remains and is accumulated within the cells while Na is
exchanged for extracellular K via the Na,K pump [1]. The
continuous increase in [Cl] (Fig. 1A) and in Na, Cl, and K
content (Fig. 1B) after 10 and 30 minutes of hyperosmotic
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stress indicates continuing cellular uptake of electrolytes.
That this phase of the accumulation is accompanied by
reuptake of water (RVI) is shown by the decrease in the dry
weight and in [P] and [Mg] (Fig. 1A) toward the control
values. [P] and [Mg] change in parallel with dry weight, as
these elements are mostly bound to cellular macromole-
cules. The changes in cellular dry weights and the [P] infer
a fall in cell volume after 30-second osmotic stress to 72%
and 75%, respectively, and subsequent recovery over 30
minutes to 88% and 92%, respectively. With fused, large
MDCK cells, the onset of RVI seems to be faster, and [Na]
increases continuously instead of transiently [1]. Table 1
shows the cellular element concentrations and dry weight
contents under control conditions and after culture for five
passages in hyperosmotic medium. Except for [Cl], which
was significantly lower after incubation with the hypertonic
medium, the concentrations of the other elements and the
dry weight were not changed systematically by hypertonic
incubation. These data imply that long-term volume regu-
lation of MDCK cells is achieved by osmolytes not detect-
able by electron microprobe analysis. Because [P] was not
much enhanced after hypertonic stress, glycerophosphoryl-
choline would seem not to contribute substantially to
osmotic adaptation in this context [2].
Fig. 1. Cellular element concentrations and
contents and dry weight (DW) of Madin-Darby
canine kidney (MDCK) cells under control
conditions and after increasing the external
osmolarity for 0.5, 10, or 30 minutes from 293
to 500 mOsm/liter. (A) Element concentrations
in mmol/kg wet weight and dry weight in g/100
g wet weight. (B) Element concentrations in
mmol/kg dry weight. Symbols are: (M) K; (l)
P; (E) DW; (F) Cl; (E) Na; () Mg.
Table 1. Cellular element concentrations and cellular dry-weight contents of Madin-Darby canine kidney cells grown in isotonic (325 mOsm/liter,
control) or for five passages in hypertonic (450 mOsm/liter) culture medium
Na Mg P S Cl K Dry wt
mmol/kg wet wt g/100 g wet wt
Control 24.3 6 0.94 11.9 6 0.62 134.5 6 3.22 44.0 6 1.38 48.9 6 1.35 145.4 6 4.57 24.2 6 0.40
Hypertonicity 26.4 6 1.06 13.8 6 0.60 139.2 6 4.93 38.7 6 1.62 30.6 6 0.97 147.1 6 4.70 26.7 6 0.43
Borgmann and Do¨rge: Hypertonic stress in MDCK cellsS-134
Reprint requests to Adolf Do¨rge, Physiologisches Institut, der Universita¨t,
Mu¨nchen, Pettenkoferstr. 12, D-80336 Munich, Germany.
REFERENCES
1. WOJNOWSKI L, OBERLEITHNER H: Hypertonicity in fused Madin-Darby
canine kidney cells: Transient rise in NaHCO3 followed by sustained
KCl accumulation. Pflu¨gers Arch 419:43–50, 1991
2. NAKANISHI T, BALABAN RS, BURG MB: Survey of osmolytes in renal
cell lines. Am J Physiol 255:C181–C191, 1988
3. BORGMANN S, GRANITZER M, CRABBE J, BECK FX, NAGEL W, DO¨RGE
A: Electron microprobe analysis of electrolytes in whole cultured
epithelial cells. Scanning Microsc(Suppl) 8:139–148, 1994
Fig. 1. Continued.
Borgmann and Do¨rge: Hypertonic stress in MDCK cells S-135
